INTRODUCTION {#SEC1}
============

Maintenance of genome integrity is essential for cellular survival. The base excision repair (BER) pathway functions in repairing damaged or aberrant DNA bases. In general, the pathway is initiated by glycosylases catalyzing the removal of damaged bases, forming abasic sites ([@B1]). The resulting abasic sites are 5΄ incised by APE1 generating 5΄ deoxyribose phosphate (dRP) groups ([@B2]) that are removed by Pol β via its 8-kDa lyase domain ([@B3],[@B4]). Pol β also catalyzes gap-filling DNA synthesis and the resulting nicks are ligated by DNA ligase ([@B5]--[@B7]). Due to the potential reactivity of the abasic site and dRP group, it has been proposed that the BER pathway is highly coordinated ([@B8]--[@B10]). Since Pol β is centrally located within the pathway and removes a potentially toxic intermediate, its ability to locate substrates in a timely manner is required to prevent cell death or mutations. Given that Pol β substrates are embedded within a DNA polymer and scattered throughout the entire genome, we hypothesized that Pol β has evolved unique mechanisms of searching and/or recruitment to efficiently find DNA substrates.

Three models of damage location by Pol β have been proposed (Figure [1A](#F1){ref-type="fig"}). In one model, Pol β undergoes random 3D diffusion, where site location depends on direct binding to damage. Random diffusion through bulk solution is predicted to be an inefficient mechanism of target site location in genomic DNA at low protein concentrations ([@B11]). In a second model, Pol β localizes to damage through a protein recruitment mechanism, whereby a Pol β binding partner first recognizes the damage and then recruits Pol β via protein--protein interactions or post-translational modifications. In the last model, Pol β can bind non-specifically to DNA and translocate in either direction by thermal diffusion, thereby using the DNA polymer as a conduit to facilitate damage localization. This mechanism is termed facilitated diffusion or processive searching, and many DNA-binding proteins involved in nucleotide excision repair, transcription initiation, mismatch repair and DNA glycosylases involved in base excision repair are proposed to use this mechanism ([@B12]--[@B14]). These models are not mutually exclusive, however the degree to which Pol β uses these mechanisms to accomplish BER, if at all, is unknown.

![Models of Pol β DNA damage location. (**A**) DNA damage (i.e. 1-nt gaps) are shown as black circles. Model 1 depicts facilitated diffusion which involves Pol β using DNA as a conduit to locate damage. Although depicted as directional for brevity, facilitated diffusion is stochastic. Model 2 represents 3D diffusion, where Pol β damage location depends on random and direct collisions with substrate. Pol β recruitment by protein-protein interactions is represented in model 3. (**B**) Three modes of facilitated diffusion.](gkx047fig1){#F1}

Facilitated diffusion can be decomposed into three mechanisms: hopping, sliding, and intersegmental transfer (Figure [1B](#F1){ref-type="fig"}) ([@B12]). Intersegmental transfer involves the direct transfer of a protein from one DNA strand to another through a bridging intermediate or a transient capture event ([@B12],[@B15]). Sliding involves the movement of the protein with continual contact with a single DNA backbone, through interactions with the phosphates. In contrast, hopping involves searching of both DNA strands. This is accomplished by the protein undergoing microscopic dissociation/reassociation events with the DNA such that the protein may reorient and land on the opposite strand during a transient excursion ([@B12],[@B16]). The net consequence of both sliding and hopping is to essentially increase the DNA binding footprint of a protein.

To determine if Pol β employs facilitated diffusion for damage location, a workflow was developed that correlates two successive nucleotide insertion events within the same DNA strand. Using this method, we show that Pol β can scan DNA in search of DNA damage. Pol β employs an ionic strength-dependent hopping mechanism during the search process. Mutational analysis reveals that the positively charged lyase domain is involved in the processive search, uncovering a novel function of this domain. The catalytic prowess and fidelity of a DNA repair enzyme means little if its ability to locate damage is inefficient.

MATERIALS AND METHODS {#SEC2}
=====================

DNA substrates {#SEC2-1}
--------------

DNA oligos were from IDT and were either HPLC (FAM-labeled) or PAGE (unlabeled) purified. The DNA sequences can be found in [Supplementary Data](#sup1){ref-type="supplementary-material"}.

Enzymes {#SEC2-2}
-------

Wild-type (Wt) and mutant Pol β enzyme were prepared as previously described ([@B17],[@B18]). The concentration was determined by absorbance at 280 nm using an extinction coefficient of 23 380 M^−1^ cm^−1^. The Pol β concentrations reported throughout reflect the value determined by this method. *Escherichia coli* DNA ligase was from New England Biolabs (NEB).

Processive assays {#SEC2-3}
-----------------

The processive assays contained 500 nM processive substrate, 1 nM Pol β (as calculated from the extinction coefficient), 50 μM dCTP, 50 mM Tris--HCl, pH 7.4, (37°C), 5 mM MgCl~2~, 1 mM DTT, 0.1 mg/ml BSA, 10% glycerol (reaction buffer) and varying concentrations of KCl or NaCl as indicated. Reactions were initiated by addition of Pol β into a substrate mix containing 500 nM DNA substrate, 50 μM dCTP (final concentrations after Pol β addition), and incubations were at 37°C. Time points (5.5 μl) were drawn and quenched into 10 μl of 30 mM EDTA, pH 7.5. Then 7 μl of the quenched reaction was transferred to a new tube and 200--500 μM dCMPNPP (Jena Bioscience), 15 mM MgCl~2~, 1× *E. coli* ligase buffer, and 0.7 μM *E. coli* ligase (final concentrations) were added sequentially. The non-hydrolyzable tight-binding inhibitor, dCMPNPP, is added to inhibit DNA polymerization catalyzed by Pol β during the ligation reaction. Ligase reactions were incubated at room temperature for at least 30 min before quenching with 7 μl of 2× quench buffer (200 mM EDTA, 80% formamide, ∼0.1% bromophenol blue, ∼0.1% xylene cyanol). Reaction mixtures were then diluted 5-fold with 95% formamide, heated at 95°C for 5 min, placed on ice and loaded (∼1.1 × 10^−13^ mol) onto a pre-ran 22% denaturing PAGE. Gels were scanned using a Typhoon scanner and quantified using Imagequant TL (rolling ball method). The concentration of product was calculated by multiplying the fraction product of a given species by the concentration of substrate (500 nM). Initial velocities (*V*~0~) were determined by linear fitting the first 10--15% of product formation. The *k*~cat~ was calculated by dividing the initial velocity for total product formation (total P = A'B + B'C + A'B'C) by the active concentration of Pol β ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). The term *k*~cat~ is used here because both DNA and dCTP are at saturating concentrations (*K*~M~ for dCTP is 0.4 μM and the *K*~d~ for DNA is ∼30 nM) ([@B19],[@B20]). The *k*~cat~ values are comparable to previous measurements ([@B19]). If ligation reactions do not go to completion a +1 nucleotide product will be visible on the gel. Furthermore, *E. coli* ligase is unable to ligate 1-nt gapped substrates as observed by the zero time-point of the reaction, in contrast to DNA Quick Ligase (NEB).

The fraction processive was calculated by dividing the initial velocity for processive product formation by all enzymatic events (Equation [1](#M1){ref-type="disp-formula"}) ([@B21]): $$\documentclass[12pt]{minimal}
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The observed fraction processive can also be expressed as (Equation [2](#M2){ref-type="disp-formula"}) ([@B22]):$$\documentclass[12pt]{minimal}
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The fraction processive dependence on ionic strength was fit to a hyperbola (Equation [4](#M4){ref-type="disp-formula"}) ([@B21]):$$\documentclass[12pt]{minimal}
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}{}\begin{equation*}{F_{\rm{p}}} = {F_{{\rm{p}},{\rm{max}}}} - \Delta {F_{\rm{p}}} \cdot {{{I}}^{{n}}}/\left( {F_{p,\frac{1}{2}}^{{n}} + {{{I}}^{{n}}}} \right)\end{equation*}\end{document}$$where *I* is the ionic strength concentration, *n* is the Hill coefficient, *F*~p,,max~ is the maximal *F*~p~ value, Δ*F*~p~ is the amplitude and *F*~p,1/2~ the ionic strength concentration at which 50% of the Pol β molecules successfully translocate to the second site. The ionic strength was calculated by taking into account: 50 mM Tris, pH 7.4 (*I* = 35 mM using the Benyon online calculator), 5 mM MgCl~2~ (*I* = 15 mM), and indicated concentrations of KCl or NaCl.

Single-turnover assays {#SEC2-4}
----------------------

The single-turnover assays were performed with 1 μM Pol β, 50 nM 1-nt standard gap substrate, 50 μM dCTP in reaction buffer at 37°C. Samples were resolved by 22% denaturing PAGE and quantified by ImageQuant TL. Plots of fraction product vs time were fit to a single-exponential equation. The *k*~pol~ values are in good agreement with previous measurements ([@B19]).

Site-spacing dependence {#SEC2-5}
-----------------------

Processive measurements were performed as described above. The plot of *F*~p~/*E* versus site-spacing were fit to a sliding equation (Equation [5](#M5){ref-type="disp-formula"}) ([@B23],[@B24]):$$\documentclass[12pt]{minimal}
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Nucleosome core particle reconstitution {#SEC2-6}
---------------------------------------

Nucleosomes were generated as generally described ([@B25]). Details provided in [Supplementary Information](#sup1){ref-type="supplementary-material"}.

Pol β catalyzed nucleotide insertion on NCP substrate {#SEC2-7}
-----------------------------------------------------

The concentration of Pol β required to monitor product formation within a reasonable time-course was first established ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}). Multiple-turnover processivity assays with the NCP substrate were performed with 20 nM Pol β, 500 nM NCP and 50 μM dGTP, in reaction buffer containing either 10 mM KCl or 100 mM KCl in a final reaction volume of 12 μl. A substrate mix containing NCP and dGTP was incubated at 37°C for 15 min before initiating the reaction with Pol β that had been incubated at 37°C for 5 min. An aliquot of 0.8 ul of the reaction mixture was quenched into 50 μl of 30 mM EDTA. An aliquot (30 μl) of this solution was then mixed with 60 μl of phenol--chloroform in a phase lock tube and centrifuged following the manufacturer\'s instructions. The aqueous layer was extracted and diluted 10-fold into H~2~O, to a final volume of 10 μl. This solution was processed by the sequential addition of 300 μM dGMPCPP, 25 mM MgCl~2~, 1× ligase buffer and ∼0.5 μM *E. coli* ligase (final concentrations). The ligation reaction was incubated at room temperature for 30 min before quenching with an equal volume of 2× quench reagent. The reaction products were then separated on a 22% denaturing PAGE and exposed to a phosphoimaging screen ([Supplementary Figure S8](#sup1){ref-type="supplementary-material"}). Processive assays in 601 DNA ([Supplementary Figure S8](#sup1){ref-type="supplementary-material"}) were performed as described above for the FAM-labeled processive substrates.

Single-turnover assays with the NCP substrate were performed with 50 nM NCP, 2 or 8 μM Pol β, 50 μM dGTP, and reaction buffer with 100 mM KCl at 37°C. Time points were collected manually and analyzed as described above for the other single-turnover assays ([Supplementary Figure S9](#sup1){ref-type="supplementary-material"}).

RESULTS {#SEC3}
=======

Development of a processive search assay for DNA Pol β {#SEC3-1}
------------------------------------------------------

To determine if Pol β conducts facilitated diffusion to locate substrate sites in DNA, we employed a similar method for detection of processivity as that used previously for glycosylases and nucleases ([@B21],[@B22],[@B26]). In this assay, two 1-nt gaps are embedded within a DNA duplex and are used for the detection of correlated Pol β enzymatic activity. After Pol β catalyzes nucleotide insertion at one site, forming an intermediate, Pol β either can translocate to the second site without macroscopic dissociation or diffuse into bulk solution. The concentration of DNA substrate must remain high in these assays such that the probability of Pol β rebinding to the intermediate is low. This allows for the measurement of Pol β activity in a single binding event to a DNA molecule. To ensure these conditions, assays contained 1 nM Pol β and 500 nM processive substrate (1:500 ratio). Initial characterization of processivity was performed with a processive DNA substrate that includes a 20 bp spacer between the 1 nt gaps (P20), with an overall length of 57 nt. This substrate also contains the same 8 bp sequence around each insertion site, such that the sites are equivalent, and the substrate includes FAM labels on both the 5΄ and 3΄ ends of the non-template strand.

Although this processive assay is similar in principle to previous processive assays employed, it does not allow for correlation of enzymatic activity within the same DNA strand by gel electrophoresis analysis. This is because the substrates and products are gaps or nicks, respectively. Thus, the workflow developed allows for detection of insertion events within the same potential DNA strand (outlined in Figure [2A](#F2){ref-type="fig"}) through use of product ligation. In this workflow, Pol β catalyzes 1-nt insertions for varying times before quenching with EDTA; the reaction mixture is then incubated with ligase to seal Pol β catalyzed nucleotide insertions. Since both DNA polymerization and ligation are Mg^2+^ dependent, Pol β was inhibited by the addition of the non-hydrolyzable nucleotide analog 2΄-deoxycytidine-5΄-\[(α,β)-imido\]triphosphate (dCMPNPP) ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}), during the course of the ligation reactions. Reactions are then quenched with EDTA and formamide and products are resolved by denaturing-PAGE (Figure [2B](#F2){ref-type="fig"}). This workflow allows for the visualization of bands that correspond to distributive action of Pol β, forming intermediates (A'B and B'C), and for processive action (A'B'C) (Figure [2B](#F2){ref-type="fig"}).

![Processive assay work-flow. (**A**) Processive assay design. Reactions are initiated by addition of Pol β, terminated with EDTA, and products ligated. Further reaction details are described in the Materials and Methods. Pol β nucleotide insertions are indicated by open boxes and by a prime designation to the respective DNA species (i.e. A to A'). (**B**) Representative gel of a processive reaction performed at an ionic strength of 150 mM. Time points are indicated above the lanes. The processive product is shown in red (A'B'C) and the intermediates in blue and green (A'B and B'C). (**C**) Representative initial velocity plot performed at 60 mM ionic strength. The products are color coded as in A and B.](gkx047fig2){#F2}

Pol β employs an ionic strength dependent processive search {#SEC3-2}
-----------------------------------------------------------

Visual inspection of Figure [2B](#F2){ref-type="fig"} reveals that Pol β can catalyze nucleotide insertion at both sites on the processive DNA substrate within a single DNA binding encounter (product band for A'B'C'). The intermediates (A'B and B'C) are also formed. In order to quantify processivity we used the term fraction processive (*F*~p~). The fraction processive is the probability of Pol β to translocate from the first encountered 1-nt gap to the second 1-nt gap within the same DNA molecule, as monitored by polymerase activity. The initial velocities (*V*~o~) for product formation (A'B, B'C and A'B'C) are used to calculate the *F*~p~ (Equation [1](#M1){ref-type="disp-formula"}). A *F*~p~ value of one means every time Pol β catalyzes nucleotide insertion at one site it will always translocate to the second site to catalyze nucleotide insertion. Whereas a *F*~p~ value of zero means that Pol β never translocates to the second site after catalysis at the first encountered site. The initial velocity plot reveals that each site reacts with the same probability, as expected given the identical sequence context (i.e. A'B and B'C have similar slopes) (Figure [2C](#F2){ref-type="fig"}). The effect of ionic strength on the *F*~p~ was quantified at various KCl and NaCl concentrations (Figure [3A](#F3){ref-type="fig"} and [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). The *F*~p~ decreases hyperbolically with increasing ionic strength (Equation [4](#M4){ref-type="disp-formula"}) and has a similar dependence on NaCl as KCl (Figure [3A](#F3){ref-type="fig"}). However, a slight decrease in *k*~cat~ is observed between KCl and NaCl with increasing ionic strength (Figure [3B](#F3){ref-type="fig"}). The *k*~cat~ values for the reactions containing KCl remain largely unchanged over the ionic strength range examined indicating that the rate-limiting step does not change and the decrease in *F*~p~ with increasing ionic strengths is not due to a decrease in turnover. Similarly, the *k*~pol~, the observed single-turnover rate constant for polymerization at saturating nucleotide and DNA, is only modestly affected by changes in ionic strength ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). The *k*~pol~ is about ∼5-fold higher than the *k*~cat~ indicating that *k*~cat~ is at least partially rate-limited by a step after chemistry, likely a step involved in product release ([@B27]). Taken together these data provide evidence that the high level of processivity observed at low ionic strength is not an artifact from rebinding events to intermediates and that the search process involves electrostatic interactions between DNA and Pol β.

![Processivity is ionic strength dependent. (**A**) Fraction processive values were measured at indicated ionic strengths (as described in Figure [2](#F2){ref-type="fig"}) and are fit to a hyperbola (Equation [4](#M4){ref-type="disp-formula"}), yielding a *F*~p,1/2~ of 110 ± 10 mM, and a maximal *F*~p~ value (*F*~p,max~) of 0.78 ± 0.05. Reactions performed in KCl are represented in closed circles and NaCl in open circles. The mean and standard deviation from three independent experiments are shown for ionic strengths of 100, 150 and 200 mM in KCl. (**B**) A plot of *k*~cat~ versus ionic strength in both KCl and NaCl. The mean and standard deviation for 100, 150 and 200 mM ionic strengths from three independent experiments are shown for the KCl experiments.](gkx047fig3){#F3}

Polymerase β uses a hopping search mechanism {#SEC3-3}
--------------------------------------------

Having established that Pol β uses facilitated diffusion, we determined which of the three intrinsic mechanisms of facilitated diffusion Pol β employs during DNA searching. As described in Figure [1B](#F1){ref-type="fig"}, there are three main modes of facilitated diffusion (the extent to which Pol β uses intersegmental transfer was not examined here). To test if sliding occurs between gaps, 1-nt gaps were positioned on opposite DNA strands with a spacing of 20 bps (P20-OP) (Figure [4A](#F4){ref-type="fig"}). If sliding occurs, then the *F*~p~ will significantly decrease with this substrate because Pol β will dissociate off the DNA ends before encountering the second 1-nt gap. However, if Pol β uses a hopping mechanism, it will be able to reorient upon dissociating and associating, thereby interrogating both strands of DNA, and resulting in an unaffected *F*~p~. The data in Figure [4B](#F4){ref-type="fig"} show that the *F*~p~ with the P20-OP (1-nt gap on opposite strand) is similar to P20 (same strand) at 100 mM and 200 mM ionic strength, suggesting that Pol β uses a hopping search mechanism.

![Pol β searches DNA using a hopping mechanism. (**A**) The *F*~p~ values for substrates containing 1-nt gaps on opposing strands (P20-OP) and with a small molecule roadblock (P20-RB) are compared to a substrate with 1-nt gaps on the same strand (P20). (**B**) The *F*~p~ values were measured at 100 mM and 200 mM ionic strengths. The mean and standard deviation is reported from three independent experiments.](gkx047fig4){#F4}

To further test the sliding and hopping mechanisms a 'roadblock DNA substrate' was created that contains a fluorescein group covalently attached within the middle of the spacer region via a phosphorothioate linkage ([@B28]). Because the roadblock originates from the non-bridging oxygens of the phosphate backbone, it should block a protein that moves by interacting with the phosphate backbone. Introduction of this roadblock into the P20 spacer region (P20-RB) had no significant effect on the *F*~p~ at 100 and 200 mM ionic strength, as compared to the P20 substrate (Figure [4B](#F4){ref-type="fig"}). Thus, if sliding does occur it must happen within the bp distance of the 1-nt gap and fluorescein group, a distance of ∼10 bp or less.

Length dependence of searching {#SEC3-4}
------------------------------

Next, we determined the distance over which Pol β can search to find DNA damage. Additionally, determining the distance dependence of *F*~p~ will provide further data to distinguish between models of sliding and hopping. The spacing distance was varied from 10, 20, 40 and 80 bps and the *F*~p~ was determined at an ionic strength of 150 mM (near predicted physiological ionic strength) (Figure [5](#F5){ref-type="fig"} and [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). As expected, a plot of *F*~p~ normalized by efficiency (*E*) ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}) reveals that smaller site spacing distances have higher processive values than longer site spacing. Fitting to a hyperbolic equation yields a half-maximal value (*F*~p,1/2~) of 12 ± 1 bp (i.e. 50% of the Pol β molecules search up to ∼12 bp) ([Supplementary Figure S5A](#sup1){ref-type="supplementary-material"}). The efficiency is the probability of Pol β to catalyze nucleotide insertion vs. dissociating from the substrate and therefore is used to correct for the fraction of Pol β molecules that reach the second site but dissociate before catalyzing nucleotide insertion ([Supplementary information and Figure S4](#sup1){ref-type="supplementary-material"}) ([@B22]). To determine if the distance dependence of *F*~p~ could be explained by a sliding or hopping model, the data were fit to Equations ([5](#M5){ref-type="disp-formula"}) and ([6](#M6){ref-type="disp-formula"}), respectively. The red line shows the best fit to a sliding model and fails to accurately model the data. In contrast, the hopping equation models the data well at longer site spacing and more poorly at smaller site spaces, consistent with proposals of sliding occurring over shorter distances ([@B22],[@B29]). The slope from a reciprocal plot of (1/\<*r*\>) versus *F*~p~ ([Supplementary Figure S5B](#sup1){ref-type="supplementary-material"}) yields a value of ∼2.4 nm, which estimates the size of the target for the diffusional encounter (*a*) ([@B23]). This target size corresponds to ∼6 bp, suggesting that when Pol β binds within ∼6 bp of a target it will locate it and catalyze insertion with an efficiency of 0.75 ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). Because there is equal probability of searching upstream or downstream after leaving a product site, the total mean searching length of Pol β at 150 mM ionic strength is ∼24 bp. The DNA binding footprint of Pol β on 1-nt gap containing DNA is ∼7 bp ([@B30]). Thus, the mean search length of Pol β is not just a reflection of the DNA binding footprint.

![Site-spacing dependence of *F*~p~ normalized by the insertion efficiency (*E*). The *F*~p~ was measured for processive substrates containing 10, 20, 40 and 80 bp spacing distances (bottom x-axis) at 150 mM ionic strength. The top x-axis represents the distance (nm) between the two 1-nt gaps. The mean and standard deviation from three independent experiments is shown. The *F*~p~ is normalized by the efficiency of insertion ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). The red line represents the best fit to a sliding mechanism (Equation [5](#M5){ref-type="disp-formula"}). The blue line is a fit to a hopping mechanism (Equation [6](#M6){ref-type="disp-formula"}).](gkx047fig5){#F5}

The positively charged 8-kDa lyase domain is used in processive searching {#SEC3-5}
-------------------------------------------------------------------------

Figure [3A](#F3){ref-type="fig"} suggests that the molecular interactions that are made during the search process are electrostatic in nature, which presumably arise from positively charged regions in Pol β and the negatively charged phosphate backbone of DNA. We sought to identify the positive charged regions in Pol β that are involved in processive searching. An analysis of the electrostatic potential of Pol β reveals that the 8-kDa lyase domain is the most positively charged region, with a theoretical pI of ∼9.9 (31-kDa has a p*I* of ∼6.4). Mutation of three lysines (K35, K68 and K72A, termed KΔ3A) (Figure [6A](#F6){ref-type="fig"}) to alanine within the lyase domain of Pol β significantly decreases processivity, from 0.47 ± 0.07 to 0.09 ± 0.05 at 100 mM ionic strength, for Wt and KΔ3A, respectively (Figure [6B](#F6){ref-type="fig"}). Analysis of the individual mutants within the processive assay reveals that K35 and K68 are mainly responsible for the reduction in processivity seen with K3ΔA. Interestingly, mutation of K35, K68 and K72 to arginine (KΔ3R) has no effect on processivity, suggesting that non-specific positive charge within the lyase domain is responsible for processive searching. To determine the extent to which positive charge within the 31-kDa domain could contribute to processive searching, we mutated K113 to alanine (K113A). This mutant has little effect on processivity, suggesting that positive charge within the lyase domain is specific for searching. Importantly, all of the mutants examined have comparable *k*~pol~ values, indicating that decreases in *F*~p~ are not due to reduced nucleotide insertion activity (Figure [6C](#F6){ref-type="fig"}).

![Pol β uses the positively charged 8-kDa lyase domain for processive searching. Crystal structure of Pol β bound to a 1-nt gapped DNA (PDB 3ISB). (**A**) The lysine residues mutated to alanine are shown as red sticks. Lysines 35, 68 and 72 reside in the lyase domain (yellow) and K113 within the 31-kDa domain (gray). (**B**) The fraction processive at 100 mM ionic strength was measured using the P20 substrate with each mutant Pol β under standard reaction conditions. The mean and standard deviation is shown for three independent experiments. (**C**) Single-turnover analysis for Pol β catalyzed nucleotide insertion measured with indicated mutant enzymes at 100 mM ionic strength. The Wt data is shown as black circles, KΔ3A as red squares, KΔ3R as blue circles, and K113A as green open circles. The nucleotide insertion rate constant (*k*~pol~) is comparable among the variant enzymes: Wt (2.8 ± 0.2 s^−1^), KΔ3A (2.3 ± 0.2 s^−1^), KΔ3R (2.8 ± 0.2 s^−1^) and K113A (4.4 ± 0.2 s^−1^).](gkx047fig6){#F6}

To further understand the decrease in processivity with KΔ3A Pol β we measured the efficiency of nucleotide insertion with the pulse-chase partition assay as described for Wt Pol β in [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}. The efficiency for KΔ3A Pol β is 0.52 ± 0.02 ([Supplementary Figure S4D](#sup1){ref-type="supplementary-material"}), representing a modest decrease as compared to Wt (0.75 ± 0.07). The *k*~pol~ for KΔ3A is similar to Wt (Figure [6C](#F6){ref-type="fig"}), meaning *k*~off~ is increased ∼2.3-fold as compared to Wt (Equation [3](#M3){ref-type="disp-formula"} and [Supplementary Table S3](#sup1){ref-type="supplementary-material"}).

Pol β is not processive in nucleosomes because DNA synthesis is inhibited {#SEC3-6}
-------------------------------------------------------------------------

The genomic landscape is significantly shaped by the presence of histone octamers, forming nucleosome core particles (NCPs). The extent to which Pol β searches and repairs DNA damage in NCPs is relatively unknown. To provide insight into this question, our processive assay design was applied to the mononuclesome 601 model system (Figure [7A](#F7){ref-type="fig"}). Using the NCP crystal structure as a guide, two 1-nt gaps were introduced within a region of the 601 DNA that has been shown to be relatively reactive (i.e. not the near the dyad) (Figure [7B](#F7){ref-type="fig"}) ([@B25]). No significant processivity was observed with the NCP substrate at 60 and 150 mM ionic strength, whereas free DNA showed processivity that was ionic strength dependent, as expected (Figure [7C](#F7){ref-type="fig"}). These data suggest that Pol β does not perform a productive processive search for gaps in well positioned NCPs.

![Pol β catalyzed nucleotide insertion is reduced in the 601 NCP resulting in a lack of processivity. (**A**) NCP processive substrate design. Schematic depicting positions of 1-nt gaps and labeling strategy. Oligonucleotide B is 5΄ labeled with a ^32^P phosphate. Site one is located 15 nts and site two 32 nts from the 5΄ end. Reactions were performed as described in Figure [2A](#F2){ref-type="fig"}. (**B**) Crystal structure of the NCP containing 601 sequence (PDB: 3LZ0). The positions of the 1-nt gaps are shown as red spheres. (**C**) Bar graphs representing the fraction of processive Pol β molecules in DNA and NCP reactions at 60 mM and 150 mM ionic strength. The *F*~p~ values at 60 mM ionic strength are 0.46 ± 0.05 and 0.1 ± 0.03 for DNA and NCP, respectively. The *F*~p~ values at 150 mM ionic strength are 0.12 ± 0.03 and 0.08 ± 0.05 for DNA and NCP, respectively. The error bars report the mean and standard deviation from at least two measurements performed with two independent NCP preparations. (**D**) Bar graph representing the *k*~cat~ (for total product formation) for DNA and NCP at 60 and 150 mM ionic strength. The *k*~cat~ values at 60 mM ionic strength are 0.38 ± 0.07 s^−1^ and 0.02 ± 0.002 s^−1^ for DNA and NCP, respectively. The *k*~cat~ values at 150 mM ionic strength are 0.41 ± 0.09 s^−1^ and 0.02 ± 0.002 s^−1^ for DNA and NCP, respectively. The error bars report the mean and standard deviation from at least two measurements performed with two independent NCP preparations. (**E**) Single-turnover time-courses for Pol β catalyzed nucleotide insertion at site two. Reaction conditions include 2 μM Pol β with 50 nM DNA (closed) and NCP (open), 150 mM ionic strength, 50 μM dGTP, and standard reaction conditions. The non-zero y-intercept for the NCP time-course is proposed to be a result of the NCP preparation containing a fraction of free DNA or a population of NCP that reacts before the major phase. The data are fit to a single-exponential equation yielding *k*~obs~ values of 3.0 ± 0.2 s^−1^ and 0.006 ± 0.001 s^−1^ for DNA and NCP, respectively.](gkx047fig7){#F7}

The lack of processivity in NCPs can be attributed to changes in three variables: nucleotide insertion (*k*~pol~), searching (*k*~search~) and *k*~off~ (Equation [2](#M3){ref-type="disp-formula"}). During the processive measurements with the NCP substrate the Pol β enzyme concentration had to be increased 20-fold to observe product formation within a reasonable time-course, suggesting nucleotide insertion catalyzed by Pol β is significantly reduced at these sites in the NCP. Indeed, the *k*~cat~ value was found to be ∼20-fold lower for the NCP substrate as compared to DNA (Figure [7D](#F7){ref-type="fig"}). To provide a further explanation for such a decrease in activity, single-turnover measurements were performed with the NCP substrate. These experiments revealed that the single-turnover rate constant for nucleotide insertion at site two in the NCP substrate is decreased 500-fold, as compared to DNA (Figure [7E](#F7){ref-type="fig"}). The rate constant for nucleotide insertion under single-turnover conditions is comparable to the rate constant measured under multiple-turnover conditions for the NCP substrate, suggesting that the rate constants are measuring the same step. This step must be at or before chemistry, and given its low value it likely reflects the rate constant governing the dynamic exposure of the DNA from the histone octamer (see discussion). Therefore, productive processive searching of Pol β within the 601 NCP does not occur because Pol β catalyzed DNA synthesis is strongly inhibited.

DISCUSSION {#SEC4}
==========

In this study, we aimed to determine if Pol β is capable of utilizing facilitated diffusion to locate its DNA substrates. An assay to monitor the DNA searching ability of Pol β was developed and revealed the surprising finding that Pol β uses facilitated diffusion for DNA damage site localization. Characterization of this search process has revealed three important mechanistic insights: the search process is ionic strength dependent, Pol β employs a hopping mechanism, and the positively charged lyase domain of Pol β is instrumental in searching.

A proposed mechanism of damage search by Pol β is summarized in Figure [8A](#F8){ref-type="fig"}. In the searching mode, we propose Pol β uses positively charged lysine residues within its lyase domain to hop along DNA. Once a gap in DNA is encountered, the lyase domain makes specific interactions with the exposed nucleobases unique to gapped DNA. These additional interactions strengthen the affinity between the lyase domain and DNA allowing for the 31-kDa domain to engage. Thus, the lyase domain is used to search DNA and as such it is the first to recognize and engage damage.

![Models of Pol β searching and gap recognition. (**A**) Proposed modes of Pol β substrate search and recognition. The dark blue circle represents DNA and is positioned such that the viewpoint is looking down DNA. Pol β is shown as a red cartoon. In the searching mode, Pol β is proposed to mainly use its lyase domain to scan DNA in a hopping mechanism. Once a gap is encountered, the lyase domain makes specific interactions with gapped DNA, allowing for the 31-kDa domain to engage. (**B**) The probability of Pol β locating and catalyzing nucleotide insertion within a single DNA binding encounter near predicted physiological ionic strength. The curve represents the fit to the hopping equation shown in Figure [5](#F5){ref-type="fig"}. The y-axis represents the probability, or fraction processive (0-1), of Pol β successfully locating and catalyzing nucleotide insertion. The bottom x-axis represents the number of base pairs and the top axis is the corresponding distance (nm). An approximant DNA linker length of 56 bps is shown for reference. This model can be most easily interpreted by using the origin as the site of DNA damage (a 1-nt gap). A horizontal line ∼6 bp down and up-stream from the origin at a probability of 0.75 indicates that when Pol β binds within 6 bp of damage it has a 0.75 chance of catalyzing nucleotide insertion ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). If Pol β binds ∼10 bp down or up-stream from a 1-nt gap it has ∼50% chance of locating and catalyzing nucleotide insertion. Of the Pol β molecules that are processive, 50% will travel a distance of ∼12 bp down or up-stream, resulting in a mean search footprint of ∼24 bp.](gkx047fig8){#F8}

This work provides evidence that Pol β can employ a processive search for DNA damage, but does not rule out the other mechanisms of site location outlined in Figure [1A](#F1){ref-type="fig"} (3D diffusion and protein recruitment). For instance, not all molecules of Pol β are processive near predicted physiological ionic strengths, meaning *in vivo* a fraction of Pol β molecules are utilizing random 3D diffusion or are involved in protein-protein interactions important for recruitment. For optimal target site location, theoretical modeling suggests that a site-specific DNA binding protein must balance searching in local DNA, in a redundant search, with a global genome wide-search ([@B13],[@B31]). This balance can be reached by a processive enzyme using intersegmental transfer and/or 3D diffusion coupled with protein recruitment models ([@B31]). One model of Pol β recruitment via protein-protein interactions involves a PARP1/XRCC1 complex ([@B32],[@B33]). In this model, PARP1 binds to single-strand breaks, catalyzes PARylation of itself or other repair proteins, providing a binding site for XRCC1. Since XRCC1 is a binding partner of Pol β, recruitment of XRCC1 via PARP1 PARylation localizes Pol β to damage. The importance of this proposed recruitment mechanism for Pol β damage site localization may not be that significant since cells harbouring mutations in XRCC1 that disrupt Pol β binding display Wt-like resistance to H~2~O~2~ and MNNG ([@B34]). Thus recruitment via PARP1/XRCC1 is not required for Pol β damage site localization ([@B35]). It has also been hypothesized that APE1 may directly interact with Pol β (via a protein-protein interaction) to facilitate coordinated repair ([@B36]--[@B38]). However, strong evidence for a meaningful direct interaction between Pol β and APE1 is lacking and further studies are required to elucidate the proposed mechanism of handoff between these two enzymes.

Many proteins that have DNA associated functions use processive search mechanisms, these include transcription factors, endonucleases, and DNA glycosylases. Pol β exhibits comparable fraction processive values to many of these enzymes ([Supplementary Figure S10](#sup1){ref-type="supplementary-material"}). Interestingly, the BER DNA glycosylases UNG, OGG1 and AAG and the BER endonuclease, APE1, also employ processive search mechanisms, suggesting that this may be a common strategy employed within the BER pathway ([@B21],[@B22],[@B39]). The mean search lengths of these processive enzymes have not been determined or were determined at low ionic strengths confounding direct comparisons to Pol β ([@B22]). Single-molecule studies performed with DNA glycosylases suggest longer searching lengths (hundreds of base pairs) than the lengths measured by processive biochemical assays ([@B28],[@B40],[@B41]). In processive biochemical assays every active molecule of the enzyme in solution is considered. In contrast, single-molecule experiments are more likely to observe proteins that have long binding-lifetimes on DNA due to temporal and spatial limitations of current setups ([@B42]). Thus, longer scanning lengths observed in single-molecule experiments could be rare events ([@B28]), representing the behavior of only a small fraction of the total protein in solution.

Application of the processive assay with the 601 NCP model system revealed that Pol β is not processive in these NCPs because nucleotide insertion activity is significantly reduced. Since the readout for processivity is product formation, we cannot directly determine if Pol β hops on DNA bound to histones or at least transverse NCPs to get to linker regions. However, it would seem futile to spend time searching NCPs for DNA damage because once damage is encountered Pol β is more likely to dissociate from it than catalyze nucleotide insertion. The rate-limiting step for Pol β catalysis within the NCP likely reflects the dissociation of DNA from the histone-DNA complex. The region of DNA 18--37 bp from the entry/exit site has an estimated *k*~off~ rate constant of 0.012 s^−1^, which is comparable to the *k*~cat~ value for nucleotide insertion (0.01 s^−1^) catalyzed by Pol β for both sites (located 15 and 32 bp from the entry/exit site) ([@B43]). The unwrapping of the DNA from the histones being the rate limiting step for Pol β catalysis is consistent with previous studies in which the activity of Pol β near the DNA entry/exit sites is greater than near the dyad ([@B25]). Similarly, the lack of a strong dependence on the helical orientation of the gap (in vs out) on Pol β DNA synthesis is consistent with the model of Pol β requiring interactions with both DNA strands ([@B25]).

Depending on the helical orientation with respect to the histone core, DNA glycosylases can remove damaged bases positioned in NCPs with similar efficiency as with DNA ([@B44],[@B45]). Similarly, APE1 can perform backbone hydrolysis within certain regions ([@B44]). In contrast, as shown here and in previous studies, the activity of Pol β is inhibited in NCPs ([@B25],[@B44],[@B46],[@B47]). Here, we quantify this inhibition to be at least two-orders of magnitude slower for single-turnover nucleotide insertion in NCPs as compared to free DNA. It\'s interesting that the first two steps of BER can occur in NCPs, because these steps produce reactive intermediates (abasic sites and dRPs, respectively), of which the dRP may not be repaired by the downstream enzyme (Pol β). However, the lack of Pol β DNA synthesis activity does not necessarily imply that lyase activity is inhibited within the context of an NCP, especially considering that the 8-kDa domain is required for this activity and may not need to fully engage both DNA strands. Further studies will be required to examine this question.

Given the ∼500-fold decrease in nucleotide insertion catalyzed by Pol β within the 601 NCP, as compared to free DNA, we propose that the repair footprint of Pol β mainly resides within accessible regions of the genome, such as linker regions between NCPs. The mean search footprint of Pol β near physiological ionic strength is ∼24 bp. Linker regions vary from 0 to 100 bp ([@B48]), thus a mean search length of ∼24 bp may be optimized to scan the relatively short linker regions of the genome (Figure [8B](#F8){ref-type="fig"}).
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